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Abbreviations {#feb212697-sec-0001}
=============

**EPR**, electron paramagnetic resonance

**MMO**, methane monooxygenase

**PfFtn**, *Pyrococcus furiosus* ferritin

**RNR**, ribonucleotide reductase

**SVD**, singular value decomposition

 {#feb212697-sec-0002}

A di‐iron catalytic center is key to the functioning of ferritin, the ubiquitous iron‐storage protein of life [1](#feb212697-bib-0001){ref-type="ref"}. Unlike the di‐iron cofactor site in dioxygen‐activating enzymes, the di‐iron center in ferritin catalyzes the oxidation of Fe(II) as substrate. This di‐iron catalytic site, which is known as the ferroxidase center, has three major structural differences with the di‐iron cofactor site of dioxygen‐activating enzymes (Fig. [1](#feb212697-fig-0001){ref-type="fig"}A--B): (a) the ferroxidase center has only one coordinating glutamate as bridging ligand, (b) there is a Fe(II) binding site next to the ferroxidase center (site C), which is replaced by a network of hydrogen bonds in the di‐iron cofactor site of dioxygen activating enzymes like methane monooxygenase (MMO) [2](#feb212697-bib-0002){ref-type="ref"}, and (c) in ferritins one active site residue that is not conserved (Glu130 in Pfu Ftn) [1](#feb212697-bib-0001){ref-type="ref"}, is a conserved histidine coordinating one of the Fe atoms in the di‐iron cofactor site of dioxygen‐activating enzymes. Nevertheless, during catalysis both in the di‐iron cofactor site of dioxygen‐activating enzymes [3](#feb212697-bib-0003){ref-type="ref"} and in the ferroxidase center [4](#feb212697-bib-0004){ref-type="ref"}, [5](#feb212697-bib-0005){ref-type="ref"} a peroxodiferric intermediate is formed (Fig. [1](#feb212697-fig-0001){ref-type="fig"}C--D). In dioxygen‐activating enzymes such as MMO [3](#feb212697-bib-0003){ref-type="ref"}, [6](#feb212697-bib-0006){ref-type="ref"} when the substrate is present, the peroxodiferric intermediate rapidly oxidizes the substrate, but in the absence of a substrate it generates intermediate Q (Fig. [1](#feb212697-fig-0001){ref-type="fig"}C), an antiferromagnetically coupled di‐iron Fe(IV) species [3](#feb212697-bib-0003){ref-type="ref"}. The molecular structure of the peroxodiferric species in MMO is still unknown [3](#feb212697-bib-0003){ref-type="ref"} and Q is proposed to have a bis‐μ‐oxo diamond core [7](#feb212697-bib-0007){ref-type="ref"}. In contrast, it is generally believed that the peroxodiferric species in ferritin decays directly to Fe(III) products [4](#feb212697-bib-0004){ref-type="ref"}, [5](#feb212697-bib-0005){ref-type="ref"}, [8](#feb212697-bib-0008){ref-type="ref"}, [9](#feb212697-bib-0009){ref-type="ref"} (Fig. [1](#feb212697-fig-0001){ref-type="fig"}D) and a high‐valent Fe(IV) species has never been reported. The exact molecular structure of the peroxodiferric intermediate in ferritin is under debate [1](#feb212697-bib-0001){ref-type="ref"}, [10](#feb212697-bib-0010){ref-type="ref"}. While it was originally proposed that the dioxygen in the peroxodiferric species has a μ‐1,2 bonding mode [5](#feb212697-bib-0005){ref-type="ref"}, [11](#feb212697-bib-0011){ref-type="ref"}, recent data obtained by X‐ray crystallography [12](#feb212697-bib-0012){ref-type="ref"} and Mössbauer spectroscopy [10](#feb212697-bib-0010){ref-type="ref"} suggest a μ‐η^1^‐η^2^ bonding mode.

![The di‐iron cofactor site of dioxygen‐activating enzymes is different from the di‐iron substrate site of ferritin. (A) The coordinating residues of the di‐iron cofactor site of MMO (PDB 1FYZ) are compared with (B) those of the di‐iron substrate site (the ferroxidase center) of PfFtn (PDB 2JD7). Three main differences are observed (see text). (C) In the di‐iron cofactor site of MMO the peroxodiferric intermediate (two possible molecular structures are shown) decays to intermediate Q, an antiferromagnetically coupled di‐iron Fe(IV) species with a bis‐μ‐oxo diamond core. (D) In ferritin, however, it is believed that the peroxodiferric intermediate directly decays to Fe(III) products.](FEB2-591-1712-g001){#feb212697-fig-0001}

We have used *Pyrococcus furiosus* ferritin (PfFtn) to further characterize the possible intermediate species involved in catalysis of Fe(II) oxidation. PfFtn was chosen because the optimum reaction temperature of this protein is \~ 100 °C, and in mechanistic studies at temperatures below, for example, 50 °C, the reaction rate will be slowed down by more than one order of magnitude. Consequently, there will be a higher chance to resolve possible short‐lived intermediates during the catalytic cycle of the protein. We combined the freeze‐quench technique with electron paramagnetic resonance (EPR) and Mössbauer spectroscopy to trap and characterize the intermediates of the reaction. We have identified a new species whose spectroscopic characteristics are consistent with a high‐valent Fe(IV).

Results {#feb212697-sec-0003}
=======

Evidence for the presence of a new intermediate in the ferroxidase reaction {#feb212697-sec-0004}
---------------------------------------------------------------------------

Previously, we showed that due to the presence of three distinct Fe(II)‐binding sites (Fig. [1](#feb212697-fig-0001){ref-type="fig"}B) with potentially variable occupancy patterns [1](#feb212697-bib-0001){ref-type="ref"}, [2](#feb212697-bib-0002){ref-type="ref"}, [10](#feb212697-bib-0010){ref-type="ref"}, [13](#feb212697-bib-0013){ref-type="ref"}, at least two parallel pathways for catalysis of Fe(II) oxidation exist (Fig. [2](#feb212697-fig-0002){ref-type="fig"}A) [1](#feb212697-bib-0001){ref-type="ref"}, [13](#feb212697-bib-0013){ref-type="ref"}: a pathway for subunits in which only sites A and B are occupied with Fe(II) ions (A^II^B^II^C^0^ subunits; pathway 1 in Fig. [2](#feb212697-fig-0002){ref-type="fig"}A) and a pathway for subunits in which sites A, B, and C are all occupied with Fe(II) ions (A^II^B^II^C^II^ subunits; pathway 2 in Fig. [2](#feb212697-fig-0002){ref-type="fig"}A). Mössbauer spectroscopy showed that in PfFtn upon the addition of 48 Fe(II) per ferritin 24‐mer \~ 80--82% of Fe(II) ions fill sites A and B, and about 18--19% of Fe(II) ions fill site C. Based on the affinity of each site for Fe(II) and an statistical model it was shown that \~ 56% of subunits is in the A^II^B^II^C^0^ form and 32% is in the A^II^B^II^C^II^ form [10](#feb212697-bib-0010){ref-type="ref"}. In the A^II^B^II^C^0^ subunits Fe(II) is oxidized via the peroxodiferric intermediate to form the Fe(III) products and hydrogen peroxide, while in the A^II^B^II^C^II^ subunits two Fe(II) in the ferroxidase center and an Fe(II) in site C are somehow oxidized together to form Fe(III) products and reduce a molecule of oxygen to two water molecules [13](#feb212697-bib-0013){ref-type="ref"}. In this pathway a highly conserved tyrosine near the ferroxidase center provides a fourth electron for complete reduction of molecular oxygen to water. For the addition of 48 or less Fe(II) per ferritin 24‐mer pathway 1 predominates, and as the amount of Fe(II) added is increased more Fe(II) is being oxidized via pathway 2. In order to obtain new insight into the intermediates of each reaction pathway we measured oxidation of 48 or 96 Fe(II) per ferritin 24‐mer using UV‐visible stopped‐flow spectroscopy (Fig. [2](#feb212697-fig-0002){ref-type="fig"}B and Fig. [S1](#feb212697-sup-0001){ref-type="supplementary-material"}), and we analyzed the data using the singular value decomposition (SVD) method (Appendix [S1](#feb212697-sup-0001){ref-type="supplementary-material"}). The SVD analysis was based on a model for three chromophores (S→I1→I2 Appendix S1) where S is the Fe(II) substrate, I1 is the first intermediate, and I2 is the second intermediate. This model was the simplest model required for analysis of the data. The data were analyzed for the time period immediately after the addition of Fe(II) and before the broad absorbance of the intermediates between 550 and 750 nm begins to decay (Fig. [S1](#feb212697-sup-0001){ref-type="supplementary-material"}). This is because the majority of the Fe(III) products, whose spectroscopic properties might interfere with those of Fe(III) intermediates are expected to form upon decay of the intermediates.

![UV‐visible stopped‐flow spectroscopy suggests the presence of a new intermediate. (A) Two possible pathways proposed for the oxidation of Fe(II) in the ferroxidase center. Pathway 1 occurs in subunits whose sites A and B only are occupied with Fe(II) (A^II^B^II^C^0^ subunits) and pathway 2 occurs in subunits whose sites A, B, and C are occupied with Fe(II) (A^II^B^II^C^II^ subunits). In the second pathway the highly conserved tyrosine in the ferroxidase center is proposed to provide the fourth electron for a complete reduction of molecular oxygen to water. (B) UV‐visible absorbance spectra of different intermediates recorded for 5 s after the addition of circa 96 Fe(II) per ferritin 24‐mer to PfFtn. Measurements were performed at 47 °C. Concentration of PfFtn was 4.5 μ[m]{.smallcaps}, which is 10 times less than the concentration of protein used for freeze‐quench experiments. The absorbance at 410 nm disappears after 5 s while the broad absorbance between 500 and 750 increases continuously. (C--F) The UV‐visible absorbance spectra of the intermediates during catalysis of Fe(II) oxidation by PfFtn were obtained using SVD analysis. (C--D) The absorbance spectrum of the intermediates obtained for the addition of 48 Fe(II) per ferritin 24‐mer (4.4 μ[m]{.smallcaps}), or (E--F) for the addition of 96 Fe(II) per ferritin 24‐mer (15 μ[m]{.smallcaps}).](FEB2-591-1712-g002){#feb212697-fig-0002}

For the addition of 48 Fe(II) per ferritin 24‐mer to apo‐PfFtn the SVD analysis suggested the presence of two major intermediate species: Intermediate I1 with three bands at 395, 410, and 560 nm (black trace, Fig. [2](#feb212697-fig-0002){ref-type="fig"}C--D). These bands are typical of a tyrosine radical in other enzymes such as TauD [14](#feb212697-bib-0014){ref-type="ref"}. The absorbance at 410 nm reached its maximum within \< 60 ms and subsequently, disappeared within 1 s (Fig. [S1](#feb212697-sup-0001){ref-type="supplementary-material"}). Intermediate I2 (blue color) had a broad absorbance spectrum at 500--750 nm and centered between 590 and 620 nm (red trace, Fig. [2](#feb212697-fig-0002){ref-type="fig"}C--D). The absorbance of this intermediate reached its maximum \~ 2 s after the addition of Fe(II) and disappeared after more than 40 s Fig. S1.

The addition of 96 Fe(II) per ferritin 24‐mer led to formation of a tyrosine radical intermediate whose absorbance spectrum (intermediate I1, black trace, Fig. [2](#feb212697-fig-0002){ref-type="fig"}E--F) was similar to that found for the addition of 48 Fe(II) per ferritin 24‐mer (intermediate I1, black trace, Fig. [2](#feb212697-fig-0002){ref-type="fig"}C--D). However, compared to the addition of 48Fe(II) per ferritin 24‐mer the center of the broad absorbance spectrum between 500 and 750 nm (intermediate I2;) was shifted from \~ 590--625 nm (red trace, Fig. [2](#feb212697-fig-0002){ref-type="fig"}D) to \~ 575--610 nm (red trace, Fig. [2](#feb212697-fig-0002){ref-type="fig"}F). The reason for this observation is not known. We speculate that the second chromophore (I2) with a broad absorbance spectrum between 500 and 750 nm may be the sum of the absorbance of at least two intermediates, a peroxodiferric and a second unknown intermediate. The ratio of these intermediates changes as a function of Fe(II) added and thus, the center of the broad absorbance spectrum between 500 and 750 nm changes. One possibility for the second unknown intermediate is an Fe(IV) species observed in the di‐iron cofactor site of dioxygen‐activating enzymes.

A tyrosine radical is formed next to the ferroxidase center {#feb212697-sec-0005}
-----------------------------------------------------------

We used freeze‐quench preparations (Appendix S1) to trap reaction intermediates for EPR and Mössbauer spectroscopy. The maximum amount of Fe(II) that could be added was 48 Fe(II) per ferritin 24‐mer because for higher iron contents there was not sufficient dissolved dioxygen present in the sample to catalyze the oxidation of all the irons [10](#feb212697-bib-0010){ref-type="ref"}. This was because the enzyme concentration had to be high for the freeze‐quench experiments [10](#feb212697-bib-0010){ref-type="ref"}. When the reaction of apo‐PfFtn with 48 Fe(II) per ferritin 24‐mer was quenched after circa 1.0 s, the EPR spectrum of a sample with natural abundance Fe(II) (^NAT^Fe(II)) showed an isotropic EPR signal with *g* = 2.0031 (Fig. [S2](#feb212697-sup-0001){ref-type="supplementary-material"}). This signal was not observed in the absence of dioxygen suggesting that it originates from the oxidation of Fe(II) in the ferroxidase center by O~2~ and was similar to the tyrosine radical previously observed for oxidation of Fe(II) by Fe(III)‐loaded PfFtn [13](#feb212697-bib-0013){ref-type="ref"}. The spin concentration of the EPR signal was circa 3% of the total amount of Fe(II) added. We checked if the EPR signal is due to an isolated tyrosine radical. The signal at *g* = 2.0031 did not saturate even at low temperature and maximal microwave power (Fig. [S3](#feb212697-sup-0001){ref-type="supplementary-material"}). This suggests that the radical species is coupled to a paramagnetic metal center. The temperature dependence of the EPR signal intensity measured under nonsaturation conditions showed Curie behavior (*S* = 1/2; Fig. [S4](#feb212697-sup-0001){ref-type="supplementary-material"}). Therefore, we conclude that the EPR signal is due to a radical species coupled to iron in the ferroxidase center and not due to a free radical. This observation is consistent with our previous site‐directed mutagenesis study [13](#feb212697-bib-0013){ref-type="ref"} in combination with EPR spectroscopy in which we found that the highly conserved tyrosine in the vicinity of the ferroxidase center, that is, Tyr24 in PfFtn (Fig. [1](#feb212697-fig-0001){ref-type="fig"}B) is essential for catalysis of Fe(II) oxidation [13](#feb212697-bib-0013){ref-type="ref"}. Subsequently, we measured the hyperfine effect of the ^57^Fe nucleus on this signal. Preparing the sample with ^57^Fe(II), *I* = 1/2, instead of ^NAT^Fe(II) slightly broadened the *g* = 2.0031 signal at its shoulders. This small broadening effect is considerably less than that observed for the ^57^Fe hyperfine broadening in the *g* = 2.00 EPR signal of the \[Fe(III)‐Fe(IV)\] species (*S* = 1/2) in a synthetic complex [15](#feb212697-bib-0015){ref-type="ref"} or that reported for \[Fe(III)‐Fe(IV)\] species in ribonucleotide reductase (RNR) [16](#feb212697-bib-0016){ref-type="ref"}, [17](#feb212697-bib-0017){ref-type="ref"}. The hyperfine effect of ^57^Fe on the *S* = 1/2 EPR signal in ferritin was also less than the hyperfine effect of ^57^Fe on the EPR signal of the proposed \[Fe(III)‐Fe(IV)\]‐Trp radical species in toluene/o‐xylene monooxygenase hydroxylase [18](#feb212697-bib-0018){ref-type="ref"}. Nevertheless, from the results of EPR spectroscopy it is not clear whether the slight effect of ^57^Fe on the EPR signal is due to a \[Fe(III)‐Fe(III)\]‐Tyr radical species or a \[Fe(III)‐Fe(IV)\]‐Tyr radical species in the ferroxidase center.

Mössbauer spectroscopy provides evidence for the presence of an Fe(IV) intermediate {#feb212697-sec-0006}
-----------------------------------------------------------------------------------

The reaction of PfFtn with 48 Fe(II) per ferritin 24‐mer was quenched at 1.0 s. The reaction was quenched after 1.0 s, because at this time the absorbance of the intermediates in the ferroxidase center was close to their maximum (Fig. [S1](#feb212697-sup-0001){ref-type="supplementary-material"}). This suggests that the amount of Fe(III) products, which might obscure the Mössbauer spectra of the intermediates of the reaction, is still negligible. Before the addition of dioxygen to ferritin containing 48 Fe(II) per ferritin 24‐mer, the percentages of ^57^Fe(II) in sites A, B, and C were 41%, 40%, and 19%, respectively (Table [1](#feb212697-tbl-0001){ref-type="table-wrap"}). According to the distribution model we explained previously [10](#feb212697-bib-0010){ref-type="ref"} it could be concluded that in 32% of the subunits (\~ 7 subunits per 24‐mer) sites A, B, and C were occupied with Fe(II) (A^II^B^II^C^II^ subunits). After 0.7 s all the Fe(II) in sites A and B was converted to the peroxodiferric species but the Fe(II) in site C was not oxidized (Table [1](#feb212697-tbl-0001){ref-type="table-wrap"}). One second after the addition of dioxygen simulation of the Mössbauer data required five doublets (Fig. [3](#feb212697-fig-0003){ref-type="fig"}, Table [1](#feb212697-tbl-0001){ref-type="table-wrap"}, and Fig. [S5](#feb212697-sup-0001){ref-type="supplementary-material"}). Doublet 1 (orange trace) is a minor Fe(II) species (Table [1](#feb212697-tbl-0001){ref-type="table-wrap"}), which might be assigned to the unreacted Fe(II) in site C. Doublets 2 and 3 (purple and green trace) are two major Fe(III) species (each 39%) whose Mössbauer parameters (Table [1](#feb212697-tbl-0001){ref-type="table-wrap"}) are very similar to those typically reported for an iron pair with η^2^‐O~2~ bonding mode and consistent with those observed previously [19](#feb212697-bib-0019){ref-type="ref"}. These Mössbauer parameters specially suggest a μ‐η^1^‐η^2^ bonding mode as proposed previously for HuHF and PfFtn based on Mössbauer spectroscopy [10](#feb212697-bib-0010){ref-type="ref"}, or as suggested based on the results of X‐ray crystallography for *Helicobacter pylori* ferritin [12](#feb212697-bib-0012){ref-type="ref"}. We assign these doublets to the major peroxodiferric species in sites A and B of the ferroxidase center. The fourth doublet (9 ± 2%; light‐blue trace) has Mössbauer parameters of δ = 0.69 mm/s, ΔE~Q~ = 0.97 mm/s (Table [1](#feb212697-tbl-0001){ref-type="table-wrap"}), which are close to those of high‐spin Fe(III) species (*S* = 5/2) reported for intermediate (X) in RNR (Table [2](#feb212697-tbl-0002){ref-type="table-wrap"}).

###### 

Iron species observed in PfFtn at different times points for addition of 48 Fe(II) per ferritin 24‐mer

  Time (s)   Doublet      Fe species   \% of ^57^Fe(II)   Mössbauer parameters   Ref.       
  ---------- ------------ ------------ ------------------ ---------------------- ---------- -------------------------------------------
  0          1            Fe(II)       19(1)              1.39 (1)               3.27 (1)   [10](#feb212697-bib-0010){ref-type="ref"}
  2          Fe(II)       41(2)        1.38 (1)           2.73 (2)                          
  3          Fe(II)       40(1)        1.17 (1)           2.54 (1)                          
  0.7        1            Fe(II)       16(2)              1.20 (1)               2.77 (1)   [10](#feb212697-bib-0010){ref-type="ref"}
  2          Fe(III)^a^   42(1)        0.49 (1)           0.76 (1)                          
  3          Fe(III)^b^   42(1)        0.56 (2)           1.12 (1)                          
  1          1            Fe(II)       8(1)               1.20 (1)               2.77 (2)   This work
  2          Fe(III)^a^   39(1)        0.46 (2)           0.76 (1)                          
  3          Fe(III)^b^   39(1)        0.56 (1)           1.12 (1)                          
  4          Fe(III)      9(2)         0.69 (1)           0.97 (2)                          
  5          Fe(IV)       5(2)         0.25 (2)           0.46 (2)                          
  300        1            Fe(III)      42                 0.49 (1)               1.14 (1)   [10](#feb212697-bib-0010){ref-type="ref"}
  2          Fe(III)      58           0.48 (1)           0.67 (1)                          

At time 0 no dioxygen was added. After the addition of dioxygen samples were rapidly frozen at 0.7, 1, and 300 s.

^a,b^The Fe(III) doublets were assigned to the peroxodiferric intermediate in the ferroxidase center.
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![Mössbauer spectroscopy provides evidence for the presence of an \[Fe(III)‐Fe(IV)\] species during catalysis of Fe(II) oxidation in subunits whose sites A, B, and C are occupied with Fe(II). Mössbauer spectrum was recorded for a sample quenched circa 1.0 s after aerobic addition of 48 ^57^Fe(II) per ferritin 24‐mer (45 μ[m]{.smallcaps}) to apo‐PfFtn. The black solid line (Sum) is the superposition of the simulated spectra. Measurements were performed at 80 K.](FEB2-591-1712-g003){#feb212697-fig-0003}

The fifth doublet (red trace) has Mössbauer parameters of δ = 0.25 mm/s, ΔE~Q~ = 0.46 mm/s (Tables [1](#feb212697-tbl-0001){ref-type="table-wrap"}, [2](#feb212697-tbl-0002){ref-type="table-wrap"}), which are particularly close to those reported for Fe(IV) species (Table [2](#feb212697-tbl-0002){ref-type="table-wrap"}). In PfFtn the amount of Fe(IV) doublet was circa 5 ± 2% relative to the total amount of Fe(II) added). The amount of Fe(IV) (5 ± 2% of the total ^57^Fe(II) added), which we detected by Mössbauer spectroscopy, accounts for circa 30% of the subunits whose site C is occupied with Fe(II) (A^II^B^II^C^II^ subunits) [10](#feb212697-bib-0010){ref-type="ref"}, [13](#feb212697-bib-0013){ref-type="ref"}. Because for the addition of 48 Fe(II) per ferritin 24‐mer 7--8 subunits were in the A^II^B^II^C^II^ form [10](#feb212697-bib-0010){ref-type="ref"}, the Fe(IV) species was detected in \~ 2 subunits. We conclude that an Fe(III)‐Fe(IV) species was formed as a result of decay of the peroxodiferric species because: (a) no Fe(IV) was observed at 0.7 s when all of the Fe(II) in the ferroxidase center was converted to the peroxodiferric species (Table [1](#feb212697-tbl-0001){ref-type="table-wrap"}), (b) formation of Fe(IV) species in solution due to Fenton chemistry has been ruled out previously [24](#feb212697-bib-0024){ref-type="ref"}, (c) the Mössbauer parameters of the high‐spin Fe(III) and the Fe(IV) species are close to those reported for the Fe(III)‐Fe(IV) couple in RNR (Table [2](#feb212697-tbl-0002){ref-type="table-wrap"}), and (d) the sum of the amount of the high‐spin Fe(III) (9%) and the Fe(IV) (5%) species 1.0 s after the addition of dioxygen (doublets 4 and 5 in Table [1](#feb212697-tbl-0001){ref-type="table-wrap"}) is equal to the sum of the amount of Fe(II) oxidized in site C (8%) and the amount of Fe(III) species in the form of the peroxodiferric species disappeared (6%) from 0.7 s to 1 s after the addition of dioxygen (Table [1](#feb212697-tbl-0001){ref-type="table-wrap"}). Therefore, \~ 5% of the high‐spin Fe(III) species is coupled to Fe(IV) to form a Fe(III)‐Fe(IV) mixed‐valence species. The remaining 4% of Fe(III) species might be assigned to the Fe(III) product. It should be noted that since a model with five doubles was sufficient to obtain a good fit to the data (Fig. [3](#feb212697-fig-0003){ref-type="fig"}), the Mössbauer parameters of the remaining 4% Fe(III) assigned to the Fe(III) products are assumed to be the same as that of the Fe(III) in the Fe(III)‐Fe(IV) mixed valence.

###### 

Comparison of the Mössbauer parameters of Fe(IV) species in ferritin with those reported for the Fe(IV) in model compounds or dioxygen‐activating enzymes. RNR (X), intermediate X in ribonucleotide reductase; Mc, *Methylococcus capsulatus*; Mt, *Methylosinus trichosporium*; (\[H~3~buea\]^3−^), tris\[(N'‐tert‐butylureaylato)‐N‐ethylene\]aminato

  Sample                  Fe species   \% of ^57^Fe(II)   Mössbauer parameters   Ref.         
  ----------------------- ------------ ------------------ ---------------------- ------------ -------------------------------------------
  PfFtn                   Fe(III)      9(2)               0.69 (1)               0.97 (2)     This work
  Fe(IV)                  5(2)         0.25 (2)           0.46 (2)                            
  RNR (X)                 Fe(III)      ---                0.56 (3)               −0.9 (1)     [20](#feb212697-bib-0020){ref-type="ref"}
  Fe(IV)                  ---          0.26 (4)           −0.6 (1)                            
  MMOH Q (Mc)             Fe(IV)                          0.21;0.14              0.68; 0.55   [21](#feb212697-bib-0021){ref-type="ref"}
  MMOH Q (Mt)             Fe(IV)                          0.17                   0.53         [22](#feb212697-bib-0022){ref-type="ref"}
  \[FeH~3~buea(O)\]^−^    Fe(IV)                          0.02                   0.43         [23](#feb212697-bib-0023){ref-type="ref"}
  \[(H~2~O)~5~FeO\]^2+^   Fe(IV)                          0.38 (2)               0.33 (2)     [24](#feb212697-bib-0024){ref-type="ref"}

The numbers in parentheses show the error of the last digit. In PfFtn the signs of ΔE~Q~ were not determined.
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Discussion {#feb212697-sec-0007}
==========

Our present data for PfFtn together with our previous Mössbauer [10](#feb212697-bib-0010){ref-type="ref"} and EPR [13](#feb212697-bib-0013){ref-type="ref"} studies of this protein provide evidence for the presence of an Fe(IV) intermediate and a tyrosine radical in the catalytic cycle of the ferroxidase center besides the peroxodiferric species. At 0.7 s all the iron in the ferroxidase center was in the form of the peroxodiferric species and the Fe(II) in site C was not oxidized (Table [1](#feb212697-tbl-0001){ref-type="table-wrap"}). At 1.0 s the amount of Fe(III) assigned to the peroxodiferric species decreased 6% compared to that at 0.7 s. Moreover, at 1.0 s the amount of Fe(II) in site C was \~ 8%, which is a decrease of 8% compared to that at 0.7 s. This decrease in the amount of the peroxodiferric and Fe(II) species from 0.7 to 1.0 s, which was about 14% of the Fe(II) initially added, is equivalent to the amount of Fe(III) and Fe(IV) species formed. The Mössbauer parameters of the Fe(III) and the Fe(IV) species (Table [2](#feb212697-tbl-0002){ref-type="table-wrap"}) are very similar to those reported for the Fe(III)‐Fe(IV) couple in RNR (Table [2](#feb212697-tbl-0002){ref-type="table-wrap"}). Based on these data, we propose a model for the role of Fe(IV) species in oxidation of Fe(II) substrate in site C (Fig. [4](#feb212697-fig-0004){ref-type="fig"}): when there is no extra Fe(II) near the ferroxidase center (A^II^B^II^C^0^ subunits), the peroxodiferric species decays to Fe(III) products and H~2~O~2~ is released (pathway 1, Fig. [4](#feb212697-fig-0004){ref-type="fig"}). In contrast when site C is occupied with Fe(II) substrate (A^II^B^II^C^II^ subunits), the conserved tyrosine provides an electron to the peroxodiferric intermediate and consequently a water molecule is formed and the peroxodiferric intermediate is rapidly converted to an \[Fe(III)‐Fe(IV)\]‐Tyr radical species (pathway 2, Fig. [4](#feb212697-fig-0004){ref-type="fig"}). This intermediate subsequently oxidizes the nearby Fe(II) substrate in site C to generate a second water molecule. This two‐step reduction of molecular oxygen prevents formation of highly reactive hydroxyl or superoxide radicals. Under reducing conditions the tyrosine radical might be reduced via an electron transfer mechanism from a yet to be identified partner and the addition of a proton or alternatively by an Fe(II) ion. The final Fe(III) products will stay metastably in the ferroxidase center and are displaced by incoming Fe(II) as demonstrated previously [2](#feb212697-bib-0002){ref-type="ref"}. The amount of the Fe(IV) species and the tyrosine radical intermediate under single turnover conditions, that is, addition of 48 Fe(II) per ferritin 24‐mer, was substoichiometric and consistent with their formation in A^II^B^II^C^II^ subunits (subunits in which sites A, B, and C were filled with Fe(II)). The reason why the Fe(IV) intermediate was apparently only formed in subunits whose site C was occupied with Fe(II) is not known. It is possible that binding of Fe(II) to site C induces conformational changes in the ferroxidase center and as a consequence, oxidation of the conserved tyrosine, which will be followed by the formation of the \[Fe(III)‐Fe(IV)\] species. This speculation is strengthened by the fact that the amino acid residues in the coordination environment of site C are directly linked to those in the coordination environment of sites A and B of the ferroxidase center (Fig. [1](#feb212697-fig-0001){ref-type="fig"}B), and conformational changes in amino acid residues of sites C and B have been observed [19](#feb212697-bib-0019){ref-type="ref"}. Moreover, consistent with this speculation is our previous Mössbauer study of PfFtn, in which we found that the Mössbauer parameters of Fe(II) in site C before the addition of dioxygen are different than those after the addition of dioxygen (Table [1](#feb212697-tbl-0001){ref-type="table-wrap"}) [10](#feb212697-bib-0010){ref-type="ref"}. The importance of site C for efficient catalysis of Fe(II) oxidation has been reported for other ferritins namely *Escherichia coli* ferritin A [25](#feb212697-bib-0025){ref-type="ref"}, [26](#feb212697-bib-0026){ref-type="ref"} and *Desulfovibrio vulgaris Hildenborough* ferritin [27](#feb212697-bib-0027){ref-type="ref"}.

![The proposed model for the role of the high‐valent Fe(IV) intermediate in the catalysis of Fe(II) oxidation. In pathway 1, when there is no extra Fe(II) nearby the ferroxidase center (site C), the two Fe(II) ions in the ferroxidase center are oxidized via a peroxodiferric intermediate to form the product. The bonding mode of dioxygen in peroxodiferric intermediate is under debate. Recent data based on X‐ray crystallography and Mössbauer spectroscopy suggest a μ‐η1‐η2 bonding mode. In pathway two, when extra Fe(II) is present in the vicinity of the ferroxidase center, first the two Fe(II) ions in the ferroxidase center form the peroxodiferric species. A conformational change occurs due to the presence of Fe(II) at site C. Consequently, the peroxodiferric species rapidly decays as the highly conserved tyrosine provides an electron and a proton. As a result a water molecule and an Fe(IV) intermediate species is formed. The exact binding mode of oxygen in Fe(IV) species is not known (?) and in the picture a terminal oxo group is shown for simplicity. The high‐valent Fe(IV) species then rapidly oxidizes the extra Fe(II) nearby to form a second water molecule and the Fe(III) products. Under reducing conditions the tyrosine radical is possibly reduced by an electron from a yet to be identified redox partner followed by the addition of a proton.](FEB2-591-1712-g004){#feb212697-fig-0004}

The highest mid‐point potential for the first one‐electron reduction of the Fe(III)‐Fe(III) couple in the ferroxidase center is circa 200 mV [28](#feb212697-bib-0028){ref-type="ref"}, [29](#feb212697-bib-0029){ref-type="ref"}. An Fe(IV) species will have a more positive potential than this value and will be able to oxidize extra Fe(II) ions nearby the ferroxidase center, that is, Fe(II) in site C. The proposed model for catalysis of Fe(II) oxidation in site C by the \[Fe(III)‐Fe(IV)\] species in the ferroxidase center (pathway 2, Fig. [4](#feb212697-fig-0004){ref-type="fig"}) is consistent with our previous simulation of the progress curves of Fe(III) formation and those of the peroxodiferric intermediate [13](#feb212697-bib-0013){ref-type="ref"}, which predicted oxidation of Fe(II) in site C by the iron in the ferroxidase center. Moreover, our model is consistent with the reported increase in the stoichiometry of Fe(II) oxidized per dioxygen for microbial and eukaryotic ferritins upon increasing the amount of Fe(II) added per ferritin 24‐mer [13](#feb212697-bib-0013){ref-type="ref"}, [30](#feb212697-bib-0030){ref-type="ref"}. At Fe(II) per subunit ratios of more than 2, the occupancy of site C increases, thereby more Fe(II) at site C will be oxidized via the high‐valent Fe(IV) species in the ferroxidase center. As a result, the stoichiometry of Fe(II) oxidized per dioxygen molecule increases. Oxidation of Fe(II) via the \[Fe(III)‐Fe(IV)\] intermediate appears to be dependent on the affinity and coordination of site C and might be more efficient in ferritins whose site C has a higher affinity for Fe(II). Nevertheless, further investigation is required to test the hypothesis that an Fe(IV) species is formed in the ferroxidase center and to confirm its role in catalysis.
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**Appendix S1**. Materials and methods.

**Fig. S1**. UV‐visible absorbance spectrum of Fe(II) oxidation by PfFtn.

**Fig. S2**. EPR spectroscopy confirmed formation of a tyrosine radical near a metal center.

**Fig. S3**. A plot of the intensity of the g=2.0031 signal obtained using numerical double integration of the experimental derivative signal as a function of microwave power.

**Fig. S4**. A plot of the double integral (area) of the g=2.0031 signal as a function of inverse temperature.

**Fig. S5**. Different models were used to simulate the Mössbauer spectrum of 48 ^57^Fe per PfFtn 24‐mer 1.0 s after addition of molecular oxygen.
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